1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Phys Med Biol. 2012 August 7; 57(15): 4951-4968. doi:10.1088/0031-9155/57/15/4951.

The design of a focused ultrasound transducer array for the
treatment of stroke: a simulation study

Daniel Pajek1:2 and Kullervo Hynynen12
1Department of Imaging Research, Sunnybrook Research Institute, Toronto, Canada

2Department of Medical Biophysics, University of Toronto, Toronto, Canada

Abstract

High intensity focused ultrasound (HIFU) is capable of mechanically disintegrating blood clots at
high pressures. Safe thrombolysis may require frequencies higher than those currently utilized by
transcranial HIFU. Since the attenuation and focal distortion of ultrasound in bone increases at
higher frequencies, resulting focal pressures are diminished. This study investigated the feasibility
of using transcranial HIFU for the non-invasive treatment of ischemic stroke. The use of large
aperture, 1.1-1.5 MHz phased arrays in targeting four clinically relevant vessel locations was
simulated. Resulting focal sizes decreased with frequency, producing a maximum -3 dB depth of
field and lateral width of 2.0 and 1.2 mm, respectively. Mean focal gains above an order of
magnitude were observed in three of four targets and transducer intensities required to achieve
thrombolysis were determined. Required transducer element counts are about an order of
magnitude higher than what currently exists and so, although technically feasible, new arrays
would need to be developed to realize this as a treatment modality for stroke.

1. Introduction

Stroke is the third leading cause of death in the United States, with approximately 795 000
people experiencing strokes each year (Roger et al 2011). Current treatment techniques are
characterized with low recanalization rates, high mortality rates, and short time windows,
which preclude a large number of patients from treatment (Roger et al 2011, Saqqur et al
2007, Medel et al 2009).

At diagnostic intensities, ultrasound has been shown to increase the efficacy of tissue
plasminogen activator (tPA), the only thrombolytic drug approved for the treatment of
stroke. Results have demonstrated an increase in recanalization rates, but also an increased
incidence of symptomatic intracerebral hemorrhage (sICH) (Tsivgoulis et al 2010, Molina et
al 2009, Daffertshofer et al 2005). Furthermore, this adjunct therapy does not address the
short time window inherent in the use of tPA.

The TRUMBI trial, where patients were given tPA along with 300 kHz ultrasound, was
halted prematurely due to a high incidence of sICH (Daffertshofer et al 2005), which was
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believed to have been caused by the formation of standing waves in the brain (Baron et al
2009). This trial utilized a relatively low sonication frequency, which can lead to a higher
likelihood of standing waves due to the associated longer wavelength and lower attenuation
values. To prevent their formation, Azuma et al recommended that sonication frequencies be
kept above 1 MHz (2004). Furthermore, Song et al demonstrated that standing waves can be
significantly minimized with low f-number phased arrays (2012).

Focused ultrasound is capable of delivering energy into tissue non-invasively and without
the use of ionizing radiation. For many years, the skull posed as a barrier for the use of
focused ultrasound in the brain and it was believed that such procedures could only be
completed with a surgical craniotomy. However, techniques using large aperture phased
arrays to correct for the skull's distortion have been developed, allowing focusing through
the intact skull (Sun and Hynynen 1999, Clement et al 2000, Hynynen and Clement 2007,
Aubry et al 2003). The acoustical properties of the human skull can be estimated non-
invasively from computed tomography (CT) data and used to calculate the corrections
required for transcranial focusing (Aubry et al 2003, Clement and Hynynen 2002). This has
led to the use of high intensity focused ultrasound (HIFU) in several transcranial procedures,
including thermal tumor ablation (McDannold et al 2010) and functional neurosurgery to
treat chronic pain (Martin et al 2009), currently at the clinical trial stage.

The capability of HIFU to mechanically disintegrate a blood clot without the use of tPA has
been demonstrated (Rosenschein et al 2000, Maxwell et al 2009), with inertial cavitation
believed to be the dominant mechanism involved (Rosenschein et al 1994). Pulsed
sonication is ideal when mechanically induced bioeffects are desired, as it enables high
acoustic pressures while reducing time average intensities, which in turn minimizes heating.
Successful clot lysis has been demonstrated in a porcine femoral vein model using 1 MHz
histotripsy pulses (Maxwell et al 2011). In a rabbit femoral artery model, clot lysis has been
demonstrated with vessel damage at 0.68 MHz and without vessel damage at 2 MHz
(Hynynen and McDannold 2006) and 1.5 MHz (Wright et al 2012).

Optimal focusing through the skull for thermal treatments occurs at frequencies near 700
kHz (Hynynen and Clement 2007, Sun and Hynynen 1998); however to avoid the formation
of standing waves and reduce the risk of vessel damage during stroke treatment, sonication
must be performed at higher frequencies. The attenuation of ultrasound in bone increases at
these higher frequencies, as does the focal distortion caused by the skull. Therefore, in order
to realize the use of HIFU for the non-invasive treatment of stroke, new technology needs to
be developed.

Through the simulation of large aperture phased arrays, this study investigated the feasibility
of HIFU for the non-invasive treatment of stroke. The design trade-offs inherent in this
approach are investigated and array specifications are proposed.
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2. Methods

2.1. Array specifications

Hemispherical arrays were simulated with element sizes ranging from 2 to 10 mm, measured
as the median width. Aperture diameters were kept fixed at 30 cm, requiring element counts
ranging from 1461 to 35 519 to populate the entire array (table 1). Elements were positioned
in concentric rings from the center to the outer edge of the hemisphere. Elements were
square shaped at the sides of the array and trapezoidally shaped near the array's center.
Trapezoidal elements were utilized to reduce spaces between the elements near the array's
center in order to keep the total array surface area relatively constant between each array
configuration. Within a single array, element heights and midline widths varied by 6% at
maximum and element areas were kept relatively constant, varying by less than 1%.
Elements were initially simulated with a surface intensity of 12 W cm~2, which corresponds
to transducer peak surface pressures of 600 kPa. Resulting pressures were then compared
with target pressures in order to determine transducer intensity requirements for
sonothrombolysis. Simulations were conducted at 1.1, 1.3, and 1.5 MHz.

2.2. Simulation parameters

CT scans (LightSpeed VCT, GE Healthcare, Chalfont St Giles, UK) of human cadaver
skulls (The Bone Room, Berkeley, CA, USA) were used to construct models of the inner
and outer skull surfaces. Imaged volumes consisted of 512 x 512 x 328 voxels with a voxel
size of 0.625 x 0.625 x 0.625 mm3. The CT data were segmented to extract the bone
regions. An open source isosurface generation algorithm (Treece et al 2000) was then used
to generate inner and outer skull surface mesh representations composed of triangles,
outputted in the standard OOGL (Object Oriented Graphics Library) format. Besides surface
generation, all data processing was performed using MATLAB (R2010a, Mathworks,
Natick, MA). Meshes were created such that surface element areas were all less than (\/2)2.
The mesh elements defined the source and surface elements required for the propagation
model, as described in section 2.3.

CT image intensity data, acquired in Hounsfield units, were converted to densities through a
linear relationship as was done by Connor et al (2002). Each transducer array was positioned
to maximize the usable skull surface area, while staying above the eyes and ears (figure 1).
The array position was fixed for each skull and electronic steering was used to target each
location. In the clinic, this would obviate the need for precise transducer positioning and
provide the largest possible acoustic window. All simulations were repeated over five skulls.

Water and brain were each modeled as homogenous mediums, with the acoustic parameters
provided in table 2. The skull density values were integrated over each beam path.
Relationships for the speed of sound and attenuation as a function of both frequency and
density have been determined previously (Pichardo et al 2011). MATLAB was used to
interpolate the relationships from Pichardo et al to frequencies of 1.1, 1.3, and 1.5 MHz
(figure 2). The interpolated relationships and the calculated mean densities were used to
determine the attenuation and speed of sound coefficients for each beam path.
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2.3. Propagation model

The propagation of ultrasound through water, skull, and brain was simulated using the
Rayleigh—Sommerfeld integral in a multilayer case (Sun and Hynynen 1998). The
implementation below was compared against simulations and measurements in Fan and
Hynynen (1992) with good agreement. Shear waves were not incorporated into the model
due to their high attenuation at the relatively high frequencies being simulated (White et al
2006). Wave mode conversion at the interface resulting in the generation of shear waves
would reduce the energy of the transmitted longitudinal wave. However, the majority of
shear wave generation occurs at angles where the incident wave would have been reflected
(Clement et al 2004), minimizing the reduction of transmitted energy. Using a full-wave
model (as described in Song et al (2012)), basic through-skull simulations at 720 kHz were
conducted with a smaller transducer to assess the effect of not modeling shear waves (data
not presented). The case where shear waves were not incorporated overestimated the peak
pressure by less than 2%.

The Rayleigh—-Sommerfeld integral does not account for nonlinear effects. Although the use
of a full-wave model would allow modeling of nonlinear effects, it would also require
volumetric discretization at 5-20 points per wavelength, at the highest harmonic being
modeled (Pulkkinen and Hynynen 2010). This would not have been practical to implement
at the relatively high driving frequency and large volumes required for this study. The
pressure values reported in this study are based on linear estimates, which may overestimate
the produced peak negative pressure, however nonlinear effects are minimized by the use of
low f-number transducers (Hynynen 1991a).

Back propagation was implemented to determine the element driving phases that result in
coherent summation at the target. A vibrating surface can be modeled as a set of Ny, simple
sources, each with normal velocity uj,,, and area dsj,, where i, = 1 to N The strength of
source im on layer mis denoted by u; ds ., where m=1, 2, 3 for the transducer, outer skull,
and inner skull layers, respectively (figure 3). As derived previously in Fan and Hynynen
(1994), the normal velocity of the surface i,, due to source ip, is given by

Ty e el s (1 ] T, . COS (6
Uiy = o R (4, dsi,,) —m Vimin (0irin) > (@

where &} ; =k — ja;,.q.., is the complex wavenumber of the propagation medium given
an attenuation coefficient of a;j, and R, T"Imin' and 6;,.,, are the Cartesian distance,

velocity transmission coefficient, and transmitted angle, respectively, between source i, and

imin

surface in. The complex wavenumber &£} . was constant in the brain and water layers, but

tmin

calculated separately for each beam path in the skull.

After decomposing the transducer and outer skull surfaces into sets of simple sources, the
normal velocity of each simple source on the outer skull surface was calculated by summing
the contributions from all point sources on the transducer surface, using equation (1). The
normal velocities on the inner skull surface were similarly calculated by summing the
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contributions of all point sources on the outer skull surface. The peak pressure amplitude at
a point (X, y, 2) due to source ip, is given by
KL, P €Ki Fim

2 R

p (:L’, Y, Z) (uimdsim) )

i'm

where ppy, and ¢y, are the density and speed of sound of medium m, respectively, and R; . is
the distance between source i, and point (X, y, 2). Equation (2) was used to calculate the
resultant pressures at the focus in the brain. The transducer surface intensities were

calculated using I=%p1€1|ui1 |2, the impedance relation for linear plane waves (Cobbold

2007). Pressure at the outer skull boundary was calculated by summing the incident and

reflected complex pressure amplitudes at the boundary. The peak pressure amplitude at a
point i, on the outer skull surface due to source i, on the transducer is given by

gk} ,prer e i
b= or Riyi, (i dsi) (H—Rpiliz)’ @

where Ry, 1i2 is the pressure reflection coefficient at surface i, due to source i1. Pressures on
the outer skull outer were calculated in order to determine focal pressure gain values.
Pressure and velocity transmission coefficients are given by

2Clp1 cos 02
=056 cose, @
c1p1 2+C2p2 1

T — 262p2 cOoS 61
P e1p1 COS Oy4-copy COS 0,

=1+R,, (5

where Ty is the velocity transmission coefficient, T, and R, are the pressure transmission
and pressure reflection coefficients, respectively, ¢; and p;j are the speed of sound and density
of medium i, 61 is the incident angle, and 0, is the transmitted angle.

2.4. Amplitude adjustment

The ability of a phased array to focus through an intact skull can be represented by the ratio
of the focal pressure to the pressure on the outer skull: the focal pressure gain. The average
pressure gain (Gayg) and minimum pressure gain (Gyn) are defined as the focal pressure
gains calculated with the average outer skull pressure and maximum outer skull pressure,
respectively. A single pressure hotspot could mean the development of inertial cavitation
and tissue damage outside the skull, which makes Gy n an important metric in evaluating
phased array configurations. The irregular shape of the skull could lead to an irregular
pressure distribution on the outer skull surface, which would result in lower Gy, N values.
However, transducer elements which lead to the higher pressure locations can be identified
and driven at lower amplitudes to create a more uniform outer skull pressure distribution
(White et al 2005). This amplitude adjustment technique was used to reduce pressure
hotspots on the outer skull.
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2.5. Vessel segmentation

The majority of occlusions occur in the middle cerebral artery (MCA), with clots in the most
proximal region (M1 segment) having an IV-tPA recanalization rate of 30% and 3 month
mortality rate of 24%; occlusions in the basilar artery (BA) are not as prevalent, but are
associated with a very high 3 month mortality rate of 75% and an IV-tPA recanalization rate
of 33% (Saqqur et al 2007).

The MCA branches off of the internal carotid artery and extends laterally. Having an
average length of approximately 2 cm (Ringelstein et al 1990), the M1 is the horizontal
segment of the MCA. Three locations of interest (LOIs) were identified within the MCA: (1)
the origin of the MCA; (2) the approximate end of the M1 segment, where the MCA
bifurcates; (3) the point between these two. The vertebral arteries lead into the BA, which
runs up along the brainstem and terminates at the posterior cerebral arteries. A fourth LOI
was identified within a distal portion of the BA. The M1 and BA have average diameters of
2.9 and 3.3 mm, respectively (Moore et al 2006). In this study, the four vessel LOls are
referred to as proximal M1 (pM1), middle M1 (mMZ1), distal M1 (dM1), and BA (figure 4).

The LOIs were localized using CT data from the Visible Human Project (Ackerman et al
1995). After thresholding the CT data, cerebral vasculature and skull structures were
segmented using the process described above. The vessel locations were determined relative
to identifiable landmarks on the interior of the skull, using the method described by Ammi et
al (2008). The crista galli (a protuberance of bone at the front of the skull) and the internal
occipital protuberance (located at the back of the skull) were used to localize the vessels in
the medial/lateral direction. Anterior to the carotid arteries are two protuberances of bone
called the anterior clinoid processes (ACPs). A line connecting the ACPs was used to
localize the vessels in the anterior/posterior (front/back) and craniocaudal (vertical)
directions. These same structures were identified in each of the cadaver skulls and then the
VHP data were registered to the cadaver CT data in order to determine the relative vessel
locations, and the corresponding LOls, within each cadaver skull (figure 4). The resulting
vessel locations were in agreement with the mean values that have been reported
(Ringelstein et al 1990, Ammi et al 2008).

2.6. Inertial cavitation threshold

In vivo recanalization has been demonstrated in occluded rabbit femoral arteries with a
sonication frequency of 1.51 MHz, a 1 ms pulse length, a 0.1% duty cycle, and an acoustic
power of 215 W (Wright et al 2012). This corresponds to an approximate peak acoustic
pressure of 20 MPa. This value will serve as a benchmark in evaluating transducer
configurations for the treatment of stroke. Cavitation thresholds would decrease somewhat
at lower frequencies. In a rabbit thigh model, cavitation thresholds have been shown to
increase linearly with frequency at a rate of approximately 5.3 MPa MHz™1 (Hynynen
1991b). Using this relationship, the cavitation thresholds for blood clots can be estimated,
yielding 19 and 18 MPa at 1.3 and 1.1 MHz, respectively.

Phys Med Biol. Author manuscript; available in PMC 2014 May 31.
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2.7. Simulation specifications

3. Results

The models were created and the simulations were run in MATLAB on a Dell workstation
(Dell Precision T7500, Dual Quad Core E5620, 24 GB). Distributed over four cores, back
propagation, amplitude adjustment, and forward propagation took approximately 24 h for a
single target/frequency/array combination. Simulations targeting the geometric focus were
conducted at 1.5 MHz with 1461, 2941, 8907, 15 875, 22 885, and 35 519 element arrays.
Simulations targeting the four vessel locations were conducted at 1.1, 1.3, and 1.5 MHz with
2941, 8907, and 15 875 element arrays and again at 1.5 MHz with the 22 885 element array.
Array configurations were evaluated based on Gy y and Gayg values. Determination of
necessary margins of safety will require the completion of in vivo safety studies, which are
out of scope for this study. For the purpose of comparison, array configurations with Gayg
> 10 were identified to highlight situations where gains above an order of magnitude were
achieved. Finally, the transducer surface intensities and acoustic powers required to achieve
the estimated sonothrombolysis thresholds were determined.

3.1. Pressure gain

Simulations were initially run at 1.5 MHz, targeting the transducer's geometric focus
through a single skull. Gayg ranged from 19 to 38 and Gy ranged from 5.7 to 12.3. Gyn
did not always increase with larger element numbers, as variations in the maximum outer
skull pressure dominated this gain metric. These variations vanished once element
amplitudes were adjusted to create a more uniform pressure distribution, producing a Gy n
range from 7.5 to 16.2. The amplitude adjustment caused the maximum outer skull pressure
values to decrease, while only marginally decreasing focal pressures, thereby resulting in
increases to Gy (figure 5). This illustrates the benefit of amplitude adjustment, which is
utilized to produce all results that follow. Values are quoted as mean + standard deviation
and all error bars denote standard deviations between the five skulls that were simulated.

At the clinically relevant vessel locations, simulations were conducted using five different
array configurations, divided into 2940, 8907, 15 875, and 22 885 elements, respectively. In
all cases, pressure gains increased as the number of transducer elements was increased.
However, the incremental benefit achieved in increasing the number of elements leveled off
as the element count increased (figure 5).

Sonication frequencies of 1.1, 1.3, and 1.5 MHz were simulated. As expected, focal peak
pressures increased with decreasing frequency (figure 6). These simulations were conducted
over four vessel locations, denoted by BA, pM1, mM1, and dM1. Targeting vessel locations
closer to the transducer's geometric focus, at the BA and pM1, yielded the highest focal
gains. Pressure gains decreased as the transducer was focused away from the geometric
focus, producing moderate gains at the mM1 and the lowest gains at the dM1.

The BA was the deepest target, being 25 £ 1 mm below the transducer's geometric focus and
shifted 9 £ 5 mm laterally, averaged over all skulls. Results associated with the BA are
presented in figure 7. For a single transducer/frequency combination, the highest Gayg
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achieved at the BA was 16 * 5, with the corresponding highest Gy n being 5.9 £ 1.7. A
mean Gay g Value above 10 was achieved with 8907 elements at all frequencies.

All targeted vessel locations along the MCA were shallower than the BA. The pM1 was a
shallower target, being 14 + 1 mm below the transducer's geometric focus and shifted 26 + 2
mm laterally. Results associated with the pM1 are presented in figure 8. Focal gains
achieved were similar to those achieved in the BA. For a single transducer/frequency
combination, the highest Gayg achieved at the pM1 was 17 * 4, with the corresponding
highest Gy n being 6.2 = 1.3. A mean Gayg value above 10 was achieved with 8907
elements at all frequencies.

The mM1 was located 14 + 1 mm below the transducer's geometric focus, shifted 33 £ 2 mm
laterally. Results associated with the mM1 are presented in figure 9. For a single transducer/
frequency combination, the highest Gayg achieved at the mM1 was 13 + 3, with the
corresponding highest Gy being 4.6 + 1.1. A mean Gay value above 10 was achieved
with 8907 elements at 1.1 MHz and 15 875 elements at 1.3 and 1.5 MHz.

The dM1 was located 14 = 2 mm below the transducer's geometric focus, shifted 46 £ 2 mm
laterally. Results associated with the dM1 are presented in figure 10. For a single transducer/
frequency combination, the highest Gayg achieved at the dM1 was 7.3 + 1.6, with the
corresponding highest Gy N being 2.5 = 0.5. Gayg values above 10 were not achieved the
parameters simulated.

3.2. Focal dimensions

Lateral focal widths and depths of field (DOFs), calculated as the half power contours, were
determined for all cases. Focal DOFs varied strongly between the three simulated
frequencies and between each vessel location, but did not change significantly with
changing element numbers. At 1.5 MHz, DOFs were calculated as 1.5 + 0.1 mm for the BA
location and 1.4 £ 0.1 mm for the pM1 location, the mM1 location, and the dM1 location
(figure 11). The resulting focal widths did not vary significantly between vessel locations,
with the maximum focal width at 1.5 MHz being 0.8 mm.

At 1.3 MHz, DOFs were calculated as 1.7 + 0.1 mm for the BA location, 1.6 £ 0.1 mm for
the pM1 location, the mM1 location, and the dM1 location, with the maximum focal width
over all vessel locations being 1.0 mm. At 1.1 MHz, DOFs were calculated as 2.0 £ 0.1 mm
for the BA location, 1.8 £ 0.1 mm for the pM1 location, the mM1 location, and the dM1
location, with the maximum focal width over all vessel locations being 1.2 mm (figure 11).

3.3. Power requirements

Target sonothrombolysis pressure amplitudes of 18, 19, and 20 MPa were estimated at
driving frequencies of 1.1, 1.3, and 1.5 MHz, respectively. Focal pressure scales with the
square root of the transducer driving intensity. Using this relationship, transducer intensity
and element power values were determined that result in the estimated focal pressure targets.
The acoustic intensity values are presented in figure 12 and the acoustic power requirements
are presented in table 3.

Phys Med Biol. Author manuscript; available in PMC 2014 May 31.
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4. Discussion

This study investigated the feasibility of using HIFU for the treatment of stroke. The ability
of each transducer array to focus through the skull was evaluated based on the magnitude of
the achieved focal gain and the size of the focal region over a number of clinically relevant
target locations. Element size and sonication frequency were varied to explore their effect on
results.

The simulation results indicate that pressure gains of an order of magnitude are achievable
with a hemispherical transducer array if the individual elements are small enough. As the
target locations shifted laterally away from the center, smaller element sizes were required
to achieve equivalent gains. Two gain metrics were established: the minimum pressure gain
(Gmin) and average pressure gain (Gayg)- Calculated as the ratio between the focal
pressure and the maximum outer skull pressure, the Gy quantified the risk of initial
damage to tissue outside the skull. Element driving amplitudes were adjusted in order to
reduce the magnitude of pressure hotspots, which resulted in an increase to minimum
pressure gain and a corresponding reduction in risk of tissue damage. After this adjustment
was applied, the two gains became correlated, approximately following the relationship:
Gave ~ 2.9GMmIN-

The reduction of sonication frequency yielded larger focal gains. However, a lower
sonication frequency also increases the risk of inadvertent damage to the blood vessels
surrounding the clot. At the pressure amplitudes required for clot lysis, previous experiments
have demonstrated the occurrence of vessel damage at 0.68 MHz and no damage at 2.0 MHz
(Hynynen and McDannold 2006), as well as no vessel damage at 1.51 MHz (Wright et al
2012). This is most likely due to the fact that the size of focus increases with decreasing
frequency, resulting in an increased risk of tissue erosion outside the desired region. In
addition the inertial cavitation may be more violent at the lower frequencies that allow the
bubbles to grow larger prior to collapsing (Noltingk and Neppiras 1950). Simulations
produced maximum focal widths of 0.8, 1.0, and 1.2 mm (at 1.5, 1.3, and 1.1 MHz,
respectively), which are quite small relative to the vessel diameters of the M1 and BA (2.9
and 3.3 mm, respectively (Moore et al 2006)). Due to its deeper location, the largest
maximum focal DOFs occurred at the BA: 1.6, 1.8, and 2.2 mm at 1.5, 1.3, and 1.1 MHz,
respectively. However, targeting of the BA benefits from the fact that the vessel's orientation
puts it in line with the longer focal axis. This is not the case for the MCA, which essentially
travels perpendicularly to the longer focal axis. However, the achieved maximum focal
DOFs of 1.4, 1.6, and 2.0 mm were all still less than the M1 vessel diameter. These results
show that safe targeting of both the M1 and BA is theoretically possible with the simulated
array configurations.

The hemispherical configuration outlined in this paper is best suited for the treatment of
occlusions close to the center of the brain. The M1 segment is considered to be the location
where the majority of strokes occur (51% from Saqqur et al (2007)). The simulation results
indicate that adequate pressures and focal gains are achievable in the proximal portions of
the M1 segment, but that treatment of the M2 segment, which is immediately distal to the
M1, is probably not feasible. Furthermore, the increased power that is required to lyse
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targets away from the center results in increased outer skull pressures and an increased risk
of tissue damage. The results indicate that the simulated transducer array configurations are
well suited for targeting the distal BA. The largest potential advantage in using HIFU for the
treatment of stroke may be in the BA, as there currently is not an effective treatment for
occlusions of the BA. Although strokes of the BA are relatively rare, they are associated
with very high mortality rates.

The acoustic powers and intensities required to achieve the estimated sonothrombolysis
threshold pressures varied greatly over the simulated array configurations. Ranging from 12
+ 6 to 460 + 90 kW, the total required acoustic powers appear to be quite large. However,
since sonothrombolysis would utilize pulsed ultrasound with low duty cycles (0.1% in
Wright et al (2012)), the corresponding time-averaged powers would be substantially lower.
The power requirements reflect the ability of the transducer array to deposit energy past the
skull into the brain, with smaller average pressure gains requiring more power to create
equivalent conditions at the focus. Dividing the transducer array into smaller elements
results in larger gains and lower intensity requirements, due to the increased control
provided by a larger number of independent sources. Furthermore, the smaller transducer
element areas require less power to reach target transducer intensities. This is a somewhat
trivial result of reducing element sizes, yet it is pragmatically important since available
multi-channel driving systems may limit the maximum power available to each element. To
provide context to these powers, a hemispherical array (500 elements, 700-800 kHz, 30 cm
diameter) was used previously to deliver 1080 W of acoustic power, which corresponds to
2.16 W per element (Hynynen et al 2004). The simulated powers required for
sonothrombolysis are a fair amount larger— over an order of magnitude in most cases.
However, the required per-element powers drop below 2.16 W in some cases, which
suggests that the high power requirements would be achievable, if new multi-channel driver
technology was developed. Similarly, the number of transducer elements is approximately
an order of magnitude larger than that constructed so far (Song and Hynynen 2010) and new
arrays would be needed in order to make this a clinical reality. Nevertheless, there are no
major technical barriers for developing the required technology.

This study investigated the use of focused ultrasound alone for thrombolysis. It is expected
that the arrays proposed here could also be used with thrombolytic agents, such as tPA
(Alexandrov et al 2004) or microbubbles (Culp et al 2011), except that the power
requirements would be reduced at least two orders of magnitude. It is expected that the sharp
focusing available with these arrays could significantly enhance the effectiveness of those
treatments and potentially minimize or eliminate side-effects observed when non-focused
ultrasound is used (Molina et al 2009, Daffertshofer et al 2005).

5. Conclusion

This study investigated the feasibility of using HIFU for the treatment of stroke through an
intact skull. The effect of varying sonication parameters was explored and a set of technical
design constraints were identified. The simulation results indicate that the optimal design of
a hemispherical phased array for the treatment of stroke requires a balancing of a number of
parameters. Firstly, the design needs to be clinically relevant. Being able to only treat
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occlusions at the transducer's geometric focus would not be useful, while only being able to
target the BA and pM1 locations would preclude it from use for the majority of strokes.
Therefore, an optimal design should be evaluated based on its ability to target the mM1.
Based on the results of this study, the simulated arrays with 15 875, 15 875, and 8907
elements were able to achieve mean gains above an order of magnitude at frequencies of 1.5,
1.3, and 1.1 MHz, respectively. These array configurations correspond to required total
acoustic powers of 41, 32, and 30 kW, acoustic intensities of 29, 23, and 24 W cm™2, and
per element powers of 2.6, 2.0, and 4 W to produce the respective estimated threshold
pressures (table 3). Element sizes can be reduced further based on constraints imposed by
available multi-channel driving technology. The choice of frequency represents a trade-off
between risk and complexity. Further studies need to be completed to determine the
minimum safe sonication frequencies for stroke treatments.
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Figure 1.
Transducer array with 8907 elements and segmented skull. Usable skull surface is

delineated.
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Figure2.
Density dependent speed of sound (a) and attenuation (b) values within the skull for

interpolated frequencies of 1.5 MHz (solid), 1.3 MHz (dashed), and 1.1 MHz (dotted). 1.402
MHz (x) and 836 kHz (+) nodes from Pichardo et al (2011) are shown for reference.
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Figure 3.
Wave transmission and reflection through a simplified two-layer model is illustrated.
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Figure4.
In a top—down view, vessels are shown registered to the segmented skull. The lines

connecting the landmark ACPs, crista galli, and internal occipital protuberance are shown
(a). Target vessel locations are shown: dM1, mM1, pM1, BA (b). The vessels on the right
are oriented from the perspective of a viewer looking anteriorly into the brain, from the back
of the skull.
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Figurebs.
Minimum (a) and average (b) focal gain targeting the geometric focus at 1.5 MHz.
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Figure®6.
Pressure along the acoustic axis, across the focus, targeting the pM1, at 1.5 MHz (solid), 1.3

MHz (dashed), 1.1 MHz (dotted). The z-axis corresponds to axial distance, with the
geometric focus at z= 0 and the transducer located to the right of the plot.
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Figure7.
Minimum (a) and average (b) focal gains achieved at the BA for each array configuration.
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Figure8.
Minimum (a) and average (b) focal gains achieved at the pM1 for each array configuration.
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Minimum (a) and average (b) focal gains achieved at the mM1 for each array configuration.

Phys Med Biol. Author manuscript; available in PMC 2014 May 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pajek and Hynynen

Page 23

= 15MHz -« 13MHz -@ 1.1 MHz =~ 15MHz —4— 13MHz -@ 1.1 MHz
4 10
a T T

c 3 c = _
£ £
o 8 6
2 s =
£ I S 4 T /g:
5 g
=1 < N y

c T L} T L} C L) T T T

0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Elements Elements
(a) (b)

Figure 10.
Minimum (a) and average (b) focal gains achieved at the dM1 for each array configuration.
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Figure 11.
Resulting pressure profiles (normalized with respect to each focal maximum pressure) using

the 8907 element array, at 1.1 and 1.5 MHz in the lateral XY (top half) and axial YZ (bottom
half) planes. Axes values are relative to the geometric focus at (0, 0, 0). Contours at 10%
lines are plotted.
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Transducer surface intensities required to achieve estimated target pressures at 1.1 MHz (a),

1.3 MHz (b), and 1.5 MHz (c).
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Simulated array element counts and sizes. Arrays used in vessel location simulations are denoted with

asterisks.

Table 1

Element width (mm)

Elements

10

1461
2941*
8907*

15 875*
22 885*
35519
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Table 2

Water and brain parameters are based on those presented in Connor and Hynynen (2004) and Duck (1990).

Water Brain
Speed of sound (m s™%) 1500 1562
Density (kg m~3) 1000 1300

Attenuation (Npm™)  432x10% 435
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